Ecological conservation and restoration are necessary to mitigate environmental degradation problems. China has taken great efforts in such actions. To understand the ecological transition during 2000-2010 in China, this study analysed trends in vegetation change using remote sensing and linear regression. Climate and socioeconomic factors were included to screen the driving forces for vegetation change using correlation or comparative analyses. Our results indicated that China experienced both vegetation greening (restoration) and browning (degradation) with great spatial heterogeneity. Socioeconomic factors, such as human populations and economic production, were the most significant factors for vegetation change. Nature reserves have contributed slightly to the deceleration of vegetation browning and the promotion of greening; however, a large-scale conservation approach beyond nature reserves was more effective. The effectiveness of the Three-North Shelter Forest Program lay between the two above approaches. The findings of this study highlighted that vegetation trend detection is a practical approach for large-scale ecological transition assessments, which can inform decision-making that promotes vegetation greening via proper socioeconomic development and ecosystem management.
T he global human population has been continuously increasing, and 2 to 4 billion additional people will live on our planet by 2050 1, 2 . Human activities have thus far imposed large ecological footprints on the earth. Specifically, landscapes transformed by agriculture and human settlements cover three-fourths of the global ice-free land 3 . Ecological and environmental degradation caused by the ever-increasing extent and intensity of human activities have been and will continue to be the most perplexing challenges in reaching global sustainability 4 . Under this challenging context, ecological restoration and conservation have been widely conceived and implemented as important corrective measures against environmental degradation problems facilitating sustainability at various scales [5] [6] [7] . Protected areas, which cover approximately 13% of the global land surface, are the dominant form of ecological conservation efforts 8 . However, ecological restoration is usually project-based. Given widely established protected areas and widely implemented ecological restoration programmes, the effectiveness of these conservation and restoration efforts has recently become an attractive research topic with critical management implications 5, [8] [9] [10] . Consequently, there is an increasing need to evaluate quantitatively both the ecological effects of human socioeconomic development and the effectiveness of ecological conservation and restoration, particularly on large spatial scales, to improve decision support for land use and ecological restoration planning and implementation 5, [11] [12] [13] . Such evaluations have proven to be very challenging due to many factors, such as the lack of baseline and reference data, inadequate planning and monitoring, socioeconomic complexity, and spatiotemporal uncertainty 14, 15 . Fortunately, remote sensing data with the advantages of broad spatial coverage and high temporal resolution have been widely used in impact assessments of land use change and ecological restoration [16] [17] [18] . In this respect, the vegetation characteristics measured by the Normalized Difference Vegetation Index (NDVI) derived from Moderate Resolution Imaging Spectroradiometer (MODIS), or coarser remote sensing imageries, have been frequently used at large spatial scales 19, 20 . However, interferences introduced by the spectral characteristics of soil components can result in uncertainties in the NDVI products 21 . Thus, the linear spectral unmixing method has been proposed to tackle this problem to estimate the fractional vegetation cover (FVC) on the earth's surface 22 .
FVC is a key biophysical parameter for studying the status and functioning of terrestrial ecosystems across spatiotemporal scales 23 . As the largest developing nation, China has one-fifth of the world's population. The country's socioeconomic status continues to grow rapidly and it suffers from severe ecological degradation problems 24 . The estimated economic costs of the interrelated problems associated with ecological degradation (e.g., resource depletion, environmental pollution, and ecological degradation) have amounted to over 13% of the national gross domestic product 25 . Widespread ecological degradation has raised serious concerns from both the Chinese government and the general public. As a result, the Chinese government has launched several large-scale ecological rehabilitation and conservation programmes since the late 1990s, such as the Natural Forest Protection Program (NFPP) 24 and the Three-North Shelter Forest Program (TNSFP) 26 . Furthermore, China has previously established a protected area system, which manages approximately 15% of the country's territory 27 . Due to the effects of multiple degenerative and regenerative forces, it is important to recognise the spatiotemporal characteristics of ecological change in China as a typical case for better decision support and policy making on land use and ecosystem management towards harmonising human-nature relationships in the developing world.
Thus, the objectives of the present study included the following: (1) to quantify the changes in vegetation cover over the last decade (2000-2010) based on the annual maximum FVC for the 11 years, which were represented mainly as greening (restoration) and browning (degradation) at the national and provincial levels in China; (2) to analyse the influential factors in greening and browning trends; and (3) to discuss the policy and practical implications of vegetation change analyses. Based on these analyses, we can test the following research hypotheses: (1) ecological restoration (greening) and degradation (browning) coexisted at regional scales owing to complex driving forces; (2) ecological transition (vegetation change) in China between 2000 and 2010 was most relevant to socioeconomic factors; and (3) large scale ecological conservation and restoration efforts have been heterogeneous in their performance.
Results
Vegetation change trends at the national level. Within the last decade, 88.05% of the Chinese territory was detected to have no significant vegetation change; however, the percentage of the coverage of statistically significant vegetation changes was much smaller, 4.28% of the land mass in China for vegetation greening and 7.67% of the land mass for browning ( Figure 1) . Therefore, most of the landscape in China from 2000 to 2010 had a stable vegetation cover status. Processes of significant vegetation greening and browning coexisted, which resulted in a slight net browning trend at the national level. Spatially, the significant vegetation greening trends were detected mostly in the northern part of China, whereas the significant browning trend in vegetation cover change was scattered across the country with a much more fragmented distribution pattern (Figure 2 ).
Vegetation change trends at the provincial level. Significant vegetation change trends of greening and browning, detected simultaneously at the provincial level, showed high spatial variability ( Figure 2 and Supplementary Figure 3 ). The correlation coefficients were calculated between the variation trends of climate parameters and the area percentage of the pixels with significant vegetation change trends (i.e., greening and browning) in the areas surrounding the meteorological stations with significant trends of climate variables within a 20 km radius. Results indicated that climate variations from 2000 to 2010 across China were highly heterogeneous for different variables. This result suggested that significant temperature trends were mainly represented at regional scales, but significant trends in annual precipitation were more restricted to smaller scales. Statistically significant correlations were detected between the aerial percentage of pixels with significant vegetation greening and significant trends in the annual maximum temperature (20.168), accumulated temperature over 10 degrees Celsius (20.277), and the aerial percentage of pixels with significant vegetation browning and significant trends in the annual mean temperature (20.594) and accumulated temperature over 10 degrees Celsius (0.332) ( Table 1 ). All other correlation coefficients were not statistically significant.
To determine the effects of socioeconomic factors on vegetation change in China, we performed correlation analyses between the area ratios of significant vegetation greening (a . 0, p , 0.05) and vegetation browning (a , 0, p , 0.05) and changes in socioeconomic variables, including population, economic productivity, investment, employment, income, consumption and expenditures at the provincial level administration regions. Results indicated that seven and six socioeconomic variables correlated significantly with significant trends in vegetation browning and greening, respectively ( Table 2 ). The total human population, the working age population, total employment, and employment in urban areas had significant positive correlations with vegetation browning trends at the provincial level, which implied that heavy human population pressure could be a possible predicator or driving factor for ecological degradation. However, improvements in agricultural productivity (primary industry product), total investments in fixed assets, and the per capita consumption expenditures of rural households might contribute to the mitigation of the vegetation browning problem as the correlation coefficients were negative and significant. For trends in vegetation greening, the six significant socioeconomic factors ranked by the correlation coefficients in descending order were per capita consumption expenditures of rural households . gross domestic product (GDP) 5 primary industry product 5 rural household consumption expenditures . household consumption expenditures . urban employment, which implied that general economic development and improvements in human welfare could likely contribute to ecological restoration. Among the above socioeconomic factors, employment in urban areas, primary industry product, and per capita consumption expenditures of rural households represented statistically significant correlations with both vegetation browning and greening trends, which reinforced the possible www.nature.com/scientificreports SCIENTIFIC REPORTS | 5 : 8732 | DOI: 10.1038/srep08732effects of urbanisation on ecological degradation and the contributions of agricultural productivity and rural welfare to ecological restoration.
The effects of ecological conservation and restoration efforts. Ecological conservation and restoration are the two main approaches used globally to combat ecological degradation by reducing human use pressures on natural ecosystems or by facilitating ecosystem recovery from degraded situations. China has established a large protected area system beginning in the 1950s 27 and has implemented large-scale ecological conservation and restoration programs beginning at the end of the 1990s 24 . Both the management of nature reserves and the implementation of largescale ecological conservation and restoration efforts are expected to elicit significant effects on vegetation change. We used the Chinese National Nature Reserves (NNR), the areas for the Three North Shelter Forest Program (TNSFP), and the areas for the Natural Forest Protection Program (NFPP) 24 , which account for approximately 10%, 40%, and 34% of the Chinese territory, respectively, to detect the effects of ecological conservation and restoration efforts on vegetation change trends ( Figure 4) . A comparison of the vegetation change trends of these three types of areas with those at the national level revealed that all of the above-mentioned ecological conservation and restoration efforts generally contributed to the mitigation of vegetation browning and the enhancement of vegetation greening (Table 3) . Among the three project implementation areas, NNR management showed marginal positive effects on vegetation change as the percentage coverage of different vegetation change categories were highly similar to the national status. NFPP was most effective at facilitating vegetation greening, whereas TNSFP was most effective at curbing vegetation browning. Taking all the vegetation change categories into consideration, the overall comparative effectiveness of the three large scale ecological programs could be ranked as Natural Forest Protection . Three-north Shelter Forest . National Nature Reserves. For the different subregions of NFPP, the most effective was in the upper reaches of the Yangtze River and the upper and middle reaches of the Yellow River (C), whereas the areas under NFPP in northeast China (A) and northwest China (B) were not as effective ( Figure 4 and Table 3 ). These results revealed the interesting finding that even under the same policy context of forest protection with incentive measures, the effectiveness of large-scale ecological conservation programs can vary geographically. 32, 33 . The present research revealed that climate variations were possibly statistically significant influential factors for decadal vegetation change trends (Table 1) . However, the characteristics of climate variation and the interactions between climate and vegetation growth can be highly spatial heterogeneous. It has been revealed that the mean climate variation trend at the national level could be represented as warming and drying in the 2000s, with high spatial heterogeneity and higher change rates than in the past several decades 34 . This research further uncovered a general significant negative influence of significant climate warming on vegetation greening (Table 1) . This phenomenon may be due to water stress under such climate warming trends 35 , which can be very important, particularly in the growing season as indicated by the present research. However, warming in non-growing seasons seems to mitigate vegetation browning, which needs to be further verified in future research. Vegetation change may also be affected by socioeconomic factors, such as land use policies, population, and income 36, 37 . Correlation analyses between the percentage coverage of significant vegetation browning or greening and the percentage change in socioeconomic variables at the provincial level implied that population pressure could be a general significant influential factor for vegetation browning, which is very common in developing countries. For example, Bangladesh has experienced landscape fragmentation and the loss of landscape structural and functional diversity caused by population growth, economic development, and rapid urban expansion 38, 39 , South Africa has incurred ecological degradation due to the development of extensive impoverished rural communities 40 , and in southern Brazil, the significant contributions of age structure and population density are the most important driving factor for ecological degradation 41 . However, regional economic vitality in general and agriculture vitality in particular, and improvements in the economic welfare and quality of life, especially in rural areas, could potentially exert significant positive effects on vegetation greening (Table 2) . Empirical studies and case analyses verified the existence of the positive effects of agricultural improvements 42 and the transition of rural socio-ecological systems promoting lower human pressure and higher human welfare in rural areas 43 on vegetation greening and ecological restoration in China. One important force for positive socioeconomic transitions is the rural-urban migration of rural labour forces with the development of the market economy, which has been shown to facilitate both ecological restoration and human welfare in rural China [43] [44] [45] . Internationally, integrative analyses at the national scale in Italy and Nigeria also suggested possible contributions of economic productivity on ecological restoration and the mitigation of land degradation 46, 47 . Therefore, improvements in economic welfare and the quality of life in rural areas may be beneficial for ecological restoration, which can be promoted by highly efficient agricultural industries and sustainable urbanisation practices that induce population migration from rural to urban areas. However, resource-saving approaches in urbanisation, production, and consumption are necessary to realise positive transitions facilitating ecological restoration.
Discussion

Policy and practical implications of vegetation change analyses.
The FVC used in the present study was better than the NDVI because it considered interference by non-vegetation covered areas 48 . On the basis of the FVC, large-scale vegetation change trends, which were represented as greening and browning, can be efficiently detected. Thus, vegetation greening and browning can be used as simple and cost-effective indicators for performance assessments of large-scale ecological restoration and conservation efforts. The effective implementation of such efforts has also been proved to be the dominant factor facilitating vegetation greening trends at regional scales [49] [50] [51] . Both biophysical and socioeconomic factors can have impacts on vegetation change, but the present study indicated that socioeconomic factors were more significant in explaining both greening and browning vegetation change trends. Human populations also exerted significant pressures on ecosystems as shown by their ecological footprint of 1.5 times our planet earth in 2008, and such pressures been increasing over the last several decades 52 . Our analysis revealed the negative effects of an increase in human population on vegetation greening (Table 2) . Alleviating human pressures on ecosystems is inevitably a difficult task for both ecological conservation and restoration initiatives. This study suggests potential socioeconomic approaches to facilitate ecological restoration and conservation, including urbanisation, advancements in agricultural productivity, human welfare improvements, especially in rural areas, and investments in payments for ecosystem services (Table 2) .
Taken together, the findings of this study highlighted the potential wide usability of vegetation fraction trend detection as an important approach with high cost efficiency in evaluating the effectiveness of large-scale ecological conservation and restoration efforts. Conservation efforts beyond nature reserve boundaries deserve to be advocated for their practical effectiveness. Attention must be paid to spatial heterogeneity in both the planning and implementation of such large-scale ecological conservation efforts. Policies also need to be prepared for the adaptation of ecological conservation and restoration efforts to climate warming challenges, especially in the growing season. Furthermore, properly directed socioeconomic forces can help to reduce vegetation browning and promote vegetation greening. The present study supported the three research hypotheses that ecological restoration (greening) and degradation (browning) coexisted at regional scales, ecological transitions (vegetation change) in China from 2000 to 2010 were most related to socioeconomic factors, and the performance of large-scale ecological conservation and restoration efforts has been heterogeneous. 33 . An assumption of the model is that a pixel contains only two elements of vegetation and soil, which can be represented as follows:
Where NDVI is the Savitzky-Golay filtered results of MODIS-NDVI products with 250 m spatial resolution. NDVI soil and NDVI veg are two key input parameters, which represent the NDVI value of pure pixels of bare soil and vegetation, respectively. The selections of NDVI soil and NDVI veg mainly depend on the China land cover map, high spatial resolution data, hyperspectral images and field samples. For the different types of vegetation, NDVI veg is the mean value of all pure vegetation pixels selected from high spatial resolution data in the typical study area. NDVI soil is calculated based on the pure soil pixels, which are detected from the hyperspectral image compared with field spectral measurements. The detailed process of FVC estimation can be found in relevant literature 56, 57 . Due to the phenology of vegetation growth, FVC is dynamic in the growing season. Thus, the annual maximum FVC was used to represent the optimal annual status of vegetation cover. For each pixel, we used simple linear fitting to quantify the multiannual vegetation change trends. We also estimated the trend of climate variables (annual maximum, minimum, and mean temperatures; accumulated temperature above 10 degrees Celsius; and annual precipitation) using linear regression at the meteorological stations. The linear regression approach has been widely used in trend detection for vegetation change and climate variations 58, 59 . The least-squares regression equation can be represented as follows:
y~a|tzbze ð2Þ
In equation (2), y is the dependent variable of the annual maximum FVC or climate variables in year t (t ranges from 2000 to 2010, tgN); therefore, the sample size of the The climate variables considered in the correlation analysis include annual maximum temperature, annual minimum temperature, annual mean temperature, accumulated temperature over 10 degrees Celsius, and annual precipitation. For each meteorological station, the variation trends of the above five variables are detected using equation (2) . After this step, the meteorological stations with statistically significant variation trends for the five climate variables are determined. For each meteorological station with significant trends of climate variation, a circular buffer area with a radius of 20 km (i.e., the representative area covering approximately 1256.6 km 2 ) was created using the relevant analysis tool in the ARCGIS 9.3 environment. Then, the area percentage of the pixels with statistically significant vegetation change trends (i.e., greening and browning) is calculated in the buffer area. (Table 4) .
Comparative effectiveness analysis on ecological conservation and restoration efforts. The national status of vegetation change categories (significant greening, browning, and no change) is used as the reference to estimate the comparative effectiveness of large-scale ecological conservation and restoration efforts on curbing vegetation degradation (browning) and promoting vegetation restoration (greening). The total comparative effectiveness of ecological conservation or restoration efforts can be calculated as e i 5 e i1 1 e i3 2 e i2 , where e ij 5 P ij /N j [j 5 1(greening), 2 (browning), and 3(no change)], within which N j and P ij are the area percentage of the above three vegetation change trends at the national level and in different ecological conservation and restoration regions, respectively. The conservation and restoration effectiveness is higher if the e i1 and e i3 values are bigger and the e i2 value is smaller. The total comparative effectiveness of ecological conservation and restoration efforts can be ranked using e i .
